Temporal tuning property of motion aftereffect (MAE) with flickering test stimuli (flicker MAE) was examined. Using sinusoidal gratings of several spatial frequencies (SF), MAE strength was measured for various adapting temporal frequencies (TF). Unlike the traditional MAE with static test field, the results indicated 1hat flicker MAE did not depend on TF. Rather, when plotted as a function of velocity, the peaks had approximately the same adapting velocity of 5-8 deg/sec for all SF conditions tested, suggesting velocity dependence. This is further support of the idea that the two kinds of MAE are of different origin and suggests a higher origin of flicker MAE, perhaps in the area MT or MST.
INTRODUCTION
Motion aftereffect (MAE)is a kind of negative aftereffect caused by prolonged viewing of image motion: After gazing at a moving stimulus for a while, a stationary scene will appear to move in the opposite direction. MAE has been used in quite a lot of studies of motion perception, and still has considerable importance in modern theories.
It has been pointed out that two types of MAE are distinguishable: traditional MAE observed with a stationary test field which we call 'static MAE', and the one observed with a flickering test field which we refer to as 'flicker MAE'. These two were sometimes confused and just called 'MAE', but recent studies have clarified that they have quite distinct characteristics. First of all, there is considerable evidence showing that flicker MAE is induced by second-order (non-Fourier) motion stimuli:~ (Ledgeway, 1994; McCarthy, 1993; Nishida, Ashida & Sato, 1994; Nishida & Sato, 1993 while static MAE *Department of Psychology, Faculty of Letters, Kyoto University, Yoshida Honmachi, Sakyo-ku, Kyoto 606, Japan. tTo whom all correspondence should be addressed at present address:
ATR Human Information Processing Research Laboratories, 2-2 Hikaridai, Seika-cho, Soraku-gun, Kyoto 619-02, Japan. :~Second-order motion is defined by the second-or higher order statistics of the image (Cavanagh & Mather, 1989) , while first-order motion is defined by the first-order statistics (i.e. luminance, and possibly colour). Two types of motion are also distinguished based on Fourier analysis (Chubb & Sperling, 1988) . Second-order motion defined by Cavanagh and Mather is thought to be a subset of Chubb and Sperling's non-Fourier motion (Mather & West, 1993) , but the term second-order seems to be used more generally to include a wider range of non-Fourier motion in some cases (e.g. Solomon & Sperling, 1994) . In this paper, the distinction between pure second-order and non-Fourier motion is not critical, and we use the term second-order in the more general sense.
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is not (Anstis, 1980; Derrington & Badcock, 1985; Nishida et al., 1994) . Nishida and Sato (1993, 1995) demonstrated that the same adapting stimulus could induce static and flicker MAE in different directions and the second-order property was preferable to flicker MAE. They used a compound grating consisting of second and third harmonic components, without the fundamental one. When such a grating is moved discretely in steps one fourth of the missing fundamental cycle, its Fourier power spectrum implies motion in the opposite direction to that of the whole pattern. It was observed that static MAE reflected the Fourier power and flicker MAE followed the pattern direction, which was the second-order property of the stimulus in that case. It is suggested that two types of MAE reflect different processing levels. While it is widely accepted that static MAE showed only partial interocular transfer (see Wade, Swanston & de Weert, 1993 for review), Nishida et al. (1994) demonstrated that flicker MAE showed complete transfer. In their experiment, drift-balanced motion stimuli (Chubb & Sperling, 1988 ) which contained no luminance based motion information induced flicker MAE as strongly as luminance gratings, and complete transfer was seen also in that case. Flicker MAE is processed later than the point where the information regarding eye of origin is lost, while static MAE somewhat depends on monocular processes. This is thought to be strong evidence of the different origin of each types of MAE.
Static MAE is known to show spatial frequency selectivity (Cameron, Baker & Boulton, 1992) , that is, maximum aftereffect is obtained when the spatial frequency of adapting and test stimuli are the same. And it depends on the temporal frequency of adapting stimuli rather than velocity (Pantie, 1974; Wright & Johnston, 1826 HIROSHI ASHIDA and NAOYUKI OSAKA 1985) , in that maximum aftereffect is seen at constant adapting temporal frequency regardless of spatial frequency. It is suggested that static MAE basically reflects the activity of early spatio-temporal filtering mechanisms. However, Ashida and Osaka (1995) showed that spatial frequency selectivity was not seen in the case of ficker MAE.
All these findings consistently suggest that flicker MAE is processed at a later stage than static MAE. However, one point must still be considered. Temporal frequency tuning of static MAE is widely accepted, but the temporal tuning property of flicker MAE has not yet clarified. Velocity v is described by
where TF is temporal frequency and SF is spatial frequency. Therefore, velocity changes with spatial frequency if the temporal frequency is constant. If we admit that our final perception is based on objects rather than pixels, velocity is a more appropriate measure to describe a single object. For the movement of a rigid object is described by a single velocity (at least in the case of translation motion), but it contains many spatial frequency components and therefore many temporal frequency components. McKee, Silverman and Nakayama (1986) showed that precise velocity discrimination could be made even when the temporal frequency was randomized. They suggested that our perception is based on velocity, and velocity is computed from temporal frequency information at the lower level. It should be noted that Smith and Edgar (1991) showed that it was also possible to discriminate temporal frequency under varying velocity conditions. Their results should be thought to indicate the availability of temporal frequency information, however, they did not deny the superiority of velocity at the perceptual level. Indeed, they admitted that temporal frequency discrimination is more difficult for a naive subject and suggested the primacy of velocity.
Considering these points, it is suggested that flicker MAE might depend on velocity rather than temporal frequency if it reflects later stages of processing. The objective of the present study was to test this assumption. We performed some experiments to examine the temporal property of flicker MAE and the results were compared to those of static MAE. We measured the aftereffect duration to apply the same method for both types of MAE. The procedure was basically the same as that used by Nishida et al. (1994) .
METHOD

Apparatus and stimufi
The stimuli were generated by a computer (IBM PS/V) and displayed on a colour CRT monitor (SONY GVMI411) with an SVGA card (NANAO HA50). Normal SVGA cards have look-up tables with only 6-bit depth, but with this card an 8-bit depth colour-palette is available in VESA-defined 256 colour modes. The 640 × 480 dot, 256 colour mode was used for the experiment. To obtain better gamma correction through look-up tables, only the green phosphor was used, except for the red fixation cross. The image refresh rate was 60 Hz.
The stimulus configuration is shown in Fig. 1 . There were three rectangular windows in the screen, each subtending 14.0 × 3.0 deg and separated by 1.0 deg. The central window was for adapting and testing, and the upper and lower ones were for reference. A red cross was displayed for fixation at the centre of the stimulus grating. The edges were abrupt without windowing, but the vertical edges were quite far from central region and the effect of harmonic components around the edge was not thought very serious. The viewing distance was 63.6 cm, and the mean luminance was 51.3 cd/m 2.
Adapting stimuli were drifting vertical sinusoidal gratings of 40% Michelson contrast presented in the central window. Test stimuli were sinusoidal gratings which were sinusoidally counterphase-flickering at 0.0, 2.5 or 5.0 Hz. They were presented in the central window. The spatial frequency of adapting and test gratings were 0.5, 1.0 and 2.0 c/deg. Test contrast was set as 10%, quite lower than the adapting one. It might be possible that the fixed adapting contrast introduced some artifact due to different sensitivities to each adapting temporal frequency. Such an effect, if any, was the same for both static and flicker conditions, and would not explain the difference of results obtained in both conditions at any rate. However, the effect could be minimized using high adaptation and low test contrast, as it was shown in the experiments by Nishida, Ashida and Sato (in preparation) that the effect of adapting contrast on both types of MAE magnitude showed saturation at quite low contrast provided the adapting contrast was high and the testing one was low. The reference gratings were presented during the adapting and test periods, to help judgement of the perceived direction especially in the static condition. The reference gratings were always stationary and the contrast was fixed at 10%. The spatial frequency of reference gratings was equalized with that of the stimulus grating, while the phase of the test and the reference gratings was randomly set in each trial. Subjects viewed the screen binocularly using a head and chin rest. The experiments were performed in a dimly lit room.
Procedure
The subjects initiated each trial by pressing mouse buttons. During the 20 ~,;ec adaptation period, a grating drifting in one direction was presented in the central window, and the subject ,'ontinued fixating at the fixation cross. After adaptation, 1the test grating was immediately presented with a short beep sound. The subject's task was to continuously report the apparent direction of the test stimuli during the 30 sec test period, by pressing either the left or the right mou,;e button. The subjects were instructed not to press buttons when clear motion was not seen. At least 60 sec of re,;ting was inserted between trials.
The index of MAE strength was obtained as Dn -Dp, when Dn and Dp represent the aftereffect duration for negative (i.e. opposite to adapting) and positive (i.e. same as adapting) directions respectively. This index was also used by Nishida et al. (1994) . It was designed to extract the directional bias in the flicker case, as the perceived direction often flipped over in the flicker condition.
The adapting TF was changed in a systematic manner either increasing or decreasing, and the adapting direction was alternated after each trial. The increase/decrease sequence and the adaptation direction was counterbalanced between sessions. Sessions were divided according to the spatial frequency, and each session contained seven trials. Four sessions were conducted for each condition.
Subjects
HA was the author. NV¢ and TM were undergraduate students in our laboratory, who did not have much experience with psychophysical experiments and were naive to the purpose of the study. All had normal or corrected-to-normal vision.
RESULTS
Experiment 1
The dependence on temporal frequency of the flicker MAE was investigated. Static test condition was also tested for comparison. Spatial frequency was the same for adapting and test stimuli, 0. Figure 2 shows the data from the static test condition (test temporal frequency of 0.0 Hz) for subject HA. MAE index was plotted as a function of adapting temporal frequency. Three curves represent data from three spatial frequency conditions. Each point shows the average of four trials. Curves were fitted by the least square method; MAE index f was described by:
where t represents the adapting temporal frequency and k, c and p are the fitting parameters. This equation was devised by Wright and Johnston (1985) . In this figure, it is easily seen that maximal aftereffect was obtained almost at the same adapting temporal frequency regardless of spatial frequency, supporting temporal frequency dependence described by Pantle (1974) and Wright and Johnston (1985) . However, the results from the flicker condition were rather different. The data for two subjects in the 2.5 Hz test condition are presented in Fig. 3 . In Figs 3(A) and 3(B), the MAE index is plotted as a function of adapting temporal frequency, just as in Fig. 2 . In these figures, each curve peaks at a different adapting temporal frequency. Unlike the static condition, temporal frequency dependence was not found in this condition. In Figs 3(C) and 3(D), the data from Figs 3(A) and 3(B), respectively, are re-plotted as a function of adapting velocity. Curve fitting was also performed using equation (2) . It can be said that flicker MAE depends more on velocity rather than on temporal frequency.
In Fig. 4 , the data from the 5.0 Hz test condition are presented. As in Figs 3(A) and 3(B) shows the temporal frequency plots, and Figs 3(C) and 3(D) the velocity plots. The general trend is quite the same as in Fig. 3 , showing 1828 HIROSH1 ASHIDA and NAOYUKI OSAKA more dependence on velocity than on temporal frequency. Moreover, the peak adapting velocity is almost the same as that seen in Fig. 3 , around 8 deg/sec. Therefore, the relation between adapting and test temporal frequencies is thought irrelevant for the preferred velocity: perhaps the important point is not the flickering frequency, but the fact that it is flickering.
Experiment 2
If flicker MAE is really velocity dependent, it should be so regardless of the adapting spatial frequency. It is quite possible, as Ashida and Osaka (1995) reported that flicker MAE did not show spatial frequency selectivity. In Expt 2, some additional experiments were performed with different adapting and test spatial frequencies. Adapting spatial frequency was either 0.5 or 2.0 c/deg, and the test spatial frequency was 1.0 c/deg. Test flickering frequency was 2.5 or 5.0Hz. Adapting temporal frequency for the 2.0 c/deg adapting condition was 2.0-16.0 Hz, corresponding to 1.0-8.0 deg/sec in velocity. In Expt 1, the peaks were almost at the left end for the 0.5 c/deg condition, therefore the range of adapting temporal frequency was lowered to 1.0-8.0 Hz for the 0.5 c/deg adapting condition, corresponding to 2.0-16.0 deg/sec. The measuring procedure was the same as in Expt 1. Figure 5 shows the results. Unlike the previous figures, temporal frequency plots are on the left side and corresponding velocity plots are on the right side. For comparison, the data from adapting spatial frequency of 1.0 c/deg obtained in Expt 1 are also included in the plots. Generally, Fig. 5 shows the same tendency as that seen in Fig. 4 : all curves have peaks almost at the same adapting velocity, showing velocity dependence. This time the peaks were found within the adapting stimulus range.
Some fluctuation of peak positions is seen especially in Fig. 5(C) . Actually it is quite hard in this figure to judge whether MAE depends on temporal frequency or velocity. This is mainly due to the peak-shift in the 0.5 c/deg condition. We replicated the experiment under this condition for this subject, but the tendency was the same. Another point to be noted is that the peaks of 2.0 c/deg condition shifted slightly toward the lower velocity, that is, toward the direction of temporal frequency dependence. This tendency was also seen in Figs 3 and 4, though it was less clear. Therefore, the dependence on velocity is not very robust, nevertheless the general tendency is clearly seen. We conclude to say that there is general tendency in flicker MAE for greater dependence on velocity rather than on temporal frequency. This further demonstrates the definite discrepancy between the two types of MAE.
DISCUSSION
It was shown that flicker MAE is more likely to depend on velocity than on temporal frequency. With the same adapting stimuli, static MAE showed temporal frequency dependence as shown in earlier studies (Pantie, 1974; Wright & Johnston, 1985) , and it is unlikely to be an artifact due to the adapting stimuli used. This is additional evidence showing the different processing levels underlying static and flicker MAEs, and quite consistent with other results suggesting the higher-level origin of flicker MAE.
It is also important that the test flickering frequency did not affect the peak velocity. This means that temporal frequency of each component grating is not important for flicker MAE, at least in a certain range, and suggests the relevance of rather qualitative property of the directional ambiguity caused by flickering. The results of Green, Chilcoat and Stromyer (1983) are suggestive on this point: they reported MAE on a uniform flickering field, which showed rather different properties from the present flicker MAE, such as the absence of interocular transfer. The critical difference is that the test stimuli they used were not directionally ambiguous (Nishida & Sato, 1995) .
It might seem odd to some people to dissociate two serially ordered processes with a single type of adapting stimuli. In our study, the adapting stimuli were the same first-order luminance gratings in both static and flicker conditions, and the lower level detectors were also subjected to adaptation. The key point is consideration of the relative strength of the activities of the underlying mechanisms. We consider that the aftereffect at the integrating process relatively stronger, thus concealing the aftereffect of low-level detectors when flickering test stimuli were used. A higher process is thought be active especially when the motion contains ambiguity. In the case of static test, there is less ambiguity and the adaptation at the earlier levels would be more decisive for the aftereffect. Our data didn't always show perfect velocity tuning and sometimes peak shift toward temporal frequency tuning was seen. This finding is thought to support our idea in that the effect of lower level mechanisms might not be entirely negligible in some cases. 
Possible site of flicker MAE
Our data suggested that the underlying mechanism of flicker MAE is velocity tuned. Considering the present results with earlier ones, we assume that flicker MAE reflects the integrating process of motion signals for the extraction of velocity. An important fact is that flicker MAE is induced by both first-and second-order stimuli. Wilson, Ferrera and Yo (1992) proposed a model of velocity coding to account for plaid motion perception. In a quantitative model to predict the perceived direction of moving plaids, they assumed a stage where Fourier and non-Fourier pathways are summed, and suggested that the integration occurred in area MT (middle temporal). It is especially of interest that they asserted the necessity of input from the non-Fourier pathway for the computation of speed,* to account for the speed perception of plaids reported by Ferrera and Wilson (1991) . The properties of flicker MAE are explained if we assume that flicker MAF reflects the activities of such an integrating stage.
Two other possibilities should be considered before we proceed. First, flicker MAE might reflect only the system for second-order motion, as most of the first-order stimuli are thought to activate second-order detectors, too. However, this idea is not plausible, if we consider the results obtained by Nishida et al. (1994) in which flicker MAE was observed when adapting to luminance grating whose contrast was as low as twice the detection threshold. The contrast sensitivity of the second-order system is thought to be lower than that of the first-order system (Nishida, 1993) , and it is more plausible that flicker MAE is also induced by pure first-order motion.
Secondly, there would be a case that flicker MAE occurs independently in the first-and second-order *In this case, speed corresponds to the absolute value of velocity. This distinction is especially important in two-dimensional cases such as plaids. We used only one-dimensional stimuli and we can substitute the term speed for velocity in most cases throughout this paper, but we used velocity considering the fact that MAE depends on the direction of adapting stimuli. systems, rather than at the single integration process. This idea is rejected as Ledgeway (1994) showed flicker MAE by cross-adaptation between first-and second-order stimuli. They also showed that the obtained psychometric function for varying modulation depth ratio of two components of the flickering grating was quite similar in shape under every combination of first-and second-order stimuli for adaptation and test. Their results strongly support the idea that flicker MAE occurs at the single integration level of first-and second-order signals.
The stimulus in our experiments were all first-order gratings. To get further support for the site at the integration level, we conducted an additional experiment with second-order test stimuli. As the test stimuli, we used two-dimensional static binary noise whose contrast was modulated by a sinusoidal grating. The dot density was 50%. The mean contrast was 50% and the modulation depth was 20%. The phase of the modulating sinusoidal grating was changed by 180 deg at 2.5Hz. Other conditions were the same as Expt 2. To confirm that there was little contamination of first-order components, we checked that no static MAE was induced by such a grating when drifted in one direction. The results are shown in Fig. 6 , and the same tendency of velocity tuning is seen. However, we should be cautious with the results as we had an experimental problem which we could not fully cope with: as the random noise contained first-order static spatial frequency components, strong static MAE was induced on the field itself in some cases and judging flicker MAE seen on the second-order grating was more difficult in such cases. The flicker MAE almost always lasted longer than the static MAE and the duration measure was not affected when an expert subject was tested, but it was also possible that the magnitude of flicker MAE itself might have been affected. The situation was even worse with dynamic random noise as a test, as stronger MAE was seen on the whole field like the DMAE reported by Blake and Hiris (1993) . We also have to be careful regarding the difficulty in assuring that it was really a cross-adaptation effect. To put these points aside, the data supported our assumption that flicker MAE occurs at the integration level. Further study is necessary to confirm this point. von Griinau and Dub6 (1992) reported that MAE can be seen at a region quite different from the adapted area when a flickering test grating was used and called it a remote MAE, though they did not distinguish two kinds of MAE and used only the flickering test. It is accounted for when we think of larger receptive fields at later processing stages. As for static MAE, aftereffect is seen quite locally. Zaidi and Sachtler (1991) demonstrated that static MAE was observed at the non-adapted region between the two adapting gratings, but this is a rather special case and the test region was much closer to the adapting one than those in von Griinau and Dub6's case. von Griinau and Dub6 (1992) also reported that flicker MAE is sensitive to the direction of adapting plaids rather than to that of their component gratings. From these results, they concluded that MAE (flicker MAE) occurs in area MT or higher. Thinking of the fact that cells in V1 are tuned for temporal frequency rather than velocity, their idea is consistent with our results in showing the higher origin of flicker MAE than that of static MAE. It also agrees well with the prediction from the complete interocular transfer, as almost all the cells in MT have binocular inputs (Maunsell & Van Essen, 1983b) .
It is noted that some physiological studies suggested that there are velocity tuned cells in MT (Maunsell & Van Essen, 1983; Rodman & Albright, 1987) . Wilson et al. (1992) also suggested, with their model of velocity coding, that the first-and second-order motion signals are integrated in MT to compute velocity. If we assume that flicker MAE reflects the activity in MT or later, our results are quite consistent with those studies. The velocity coding in MT is not thought to be a well established fact at present, but our results might be considered as part of psychophysical support for velocity processing in MT or later, along with the results of von Griinau and Dub6 (1992) and Nishida et al. (1994) . Figure 7 shows a schematic diagram of the processing stages according to the present discussion This scheme is quite compatible with the model proposed by Wilson et al. (1992) .
Second-order motion stimuli are thought to be processed in two separate pathways, one is energy-based and the other is feature-based (Smith, 1993a,b) . Smith and Ledgeway (1994) reported that motion through the feature-based pathway did not induce flicker MAE. If it is true, the scheme in Fig. 6 should be modified to include a separate pathway for the feature-tracking system, and a higher stage might be expected where tracking-based motion and energy-based motion are integrated. Culham and Cavanagh (1994) showed that subjects could intentionally track the features with attention to see motion on flickering gratings, and this attentional feature tracking could cause flicker MAE but not static MAE. The effect of attention on motion perception is still not clear, but some modification of the scheme will be needed to include such a top-down effect. Further experimental studies are expected to clarify this point.
